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A major consumer of energy in all animal cells is the Na+,K+-
ATPase. In humans it has been estimated that one quarter to one third
of all the energy in the form of ATP at the body's disposal is consumed
by the Na+,K+-ATPase [1]. Much of this energy is utilized by this
enzyme to create Na+ and K+ concentration gradients across the
plasmamembrane, which are essential as secondary sources of energy
to either drive or stimulate such processes as nutrient reabsorption in
the kidneys, nerve impulse transmission, and muscle contraction.
However, the catalysis of ATP hydrolysis by the Na+,K+-ATPase in
living cells is not 100% thermodynamically efﬁcient. That is to say, not
all the energy released by ATP hydrolysis is used in ion pumping.
Some of the energy is released as heat. This has both physiological
advantages as well as technical advantages for research purposes.
Physiologically the heat released by the Na+,K+-ATPase contri-
butes to the maintenance of body temperature. In fact, differences in
the activity of the Na+,K+-ATPase have been postulated to explain at
least in part the higher body temperature of warm-blooded versus
cold-blooded animals [2,3]. A mutation in the gene encoding the α2
subunit of an isoform of the Na+,K+-ATPase in human skeletal musclehas also been implicated as a factor promoting the development of
obesity [4]. Presumably if less ATP is consumed (or “burnt off”) by the
Na+,K+-ATPase within an individual's body, this could lead to an
increase in energy storage in the form of fat. Thus, ATP usage and heat
generation by the Na+,K+-ATPase could have important conse-
quences for human health.
From a practical research perspective, the heat released via the Na+,
K+-ATPase during ATP hydrolysis is also very useful, because in
principle it represents a signal of enzymatic activity, which could be
used to follow and analyze the enzyme's kinetics. Up to now this
possibility has been under-utilized, and as far as we are aware, only a
single paper has been published inwhich the authors took advantage of
the heat release by the enzyme for kinetic purposes [5]. This involved
the use of a batch microcalorimeter. Here we report the ﬁrst in-
vestigation of the kinetics of the Na+,K+-ATPase using a modern
isothermal titration microcalorimeter.
A major reason for the under-utilization of heat as a signal for the
detection ofNa+,K+-ATPase kinetics has probably been the traditionally
low sensitivity of calorimetric techniques relative to radioactivity-based
or spectroscopicmethods andhence the large sample volumes required.
However, with recent improvements in microcalorimeter design,
following the kinetics of the Na+,K+-ATPase via the heat it produces
has become a viable option. In fact, measurement of the steady-state
kinetics of the enzyme by isothermal titration microcalorimetry has a
number of advantages over other more widely used techniques. Firstly,
it allows a continuous monitoring of enzymatic activity, in contrast to
Fig. 1. A series of 3 μl sequential single-injection experiments of ATP (5 mM) into
Na+,K+-ATPase-containing membrane fragments from pig kidney. The initial
concentration of Na+,K+-ATPase in the ITC cell was 100 nM. The buffer of both
the Na+,K+-ATPase suspension and the ATP solution contained 120 mM NaCl,
30 mM KCl, 5 mM MgCl2, and 30 mM imidazole at pH 7.4. The experiment was
conducted at 25 °C. The time interval between injections was 30 min. P represents
the power, in μJ s−1, that needs to be applied to the sample cell to maintain
isothermal conditions with respect to the reference cell. The negative value of P
indicates that a reduction in power is necessary, i.e., the reaction is exothermic.
Integration of the individual peaks and correction for the heat of dilution of ATP
yields a constant apparent enthalpy of the reaction, ΔHapp, of −51 (±1)kJ mol−1.
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inorganic phosphate release [6] or the release of radioactive phosphate
from [γ-32P]ATP [7], which are end point determination assays, i.e., the
amount of product is determined after a ﬁxed reaction time. Secondly, it
does not require the addition of any extrinsic probes or coupled
enzymes, such as pyruvate kinase or lactate dehydrogenase, which have
been used to couple ATP hydrolysis to NADH oxidation and thus to
produce an observable absorbance change [8]. This point is particularly
importantwhen it comes to the screening of any drugs thatmay interact
directly with the Na+,K+-ATPase, because if a drug interferes with the
response of an extrinsic probe or with the activity of a coupled enzyme
this could easily bemistaken for an effect on the Na+,K+-ATPase unless
one carries out careful control measurements. Thirdly, it avoids any
inconvenience such as contamination associated with the use of radio-
actively labeled ATP.
The purposes of this paper are, thus, twofold. Firstly we aim to
obtain fundamental data on the heat released in the course of ATP
hydrolysis via the Na+,K+-ATPase. Such information can only be
directly gained via calorimetry. The information obtained could then
be used in subsequent studies investigating the role that the Na+,K+-
ATPase plays in the maintenance of body temperature and the pre-
vention of obesity. Because of the proposed link between Na+,K+-
ATPase activity and body temperature [2,3], we have carried out
measurements on enzyme isolated from both a warm-blooded animal
(pig) and a cold-blooded one (shark). The second aim of our paper is
to develop experimental and analytical procedures so that isothermal
titration microcalorimetry could be used as a routine method for the
assay of Na+,K+-ATPase steady-state activity.
2. Materials and methods
2.1. Enzyme and reagents
Na+,K+-ATPase-containing membrane fragments from shark rec-
tal gland and the red outer medulla of pig kidney were puriﬁed as
described by Skou and Esmann [9] and Klodos et al. [10], respectively.
The speciﬁc ATPase activities at 37 °C and pH 7.4 were measured
according to Ottolenghi [11]. The activities of the preparations used
were 1765 and 1365 µmol of ATP hydrolyzed h−1 (mg of protein)−1
at saturating substrate concentrations for shark and pig enzymes,
respectively. The protein concentrations were 6.8 mg ml−1 for shark
and 4.7 mg ml−1 for pig enzyme. The concentrations were deter-
mined according to the Peterson modiﬁcation [12] of the Lowry
method [13] using bovine serum albumin as a standard. For the
calculation of the molar protein concentration, a molecular mass for
an αβ unit of the Na+,K+-ATPase of 147,000 g mol−1 [14] was used.
All enzyme stock suspensions were stored at−20 °C and all other
solutions at 4 °C prior to anymeasurements. The origins of the various
reagents used were as follows: ATP disodium salt (Sigma ultra, ≤99%,
Sigma, Castle Hill, Australia), ADP (sodium salt, 98.5%, Sigma),
imidazole (≥99%, Sigma), KCl (analytical grade, Merck, Kilsyth,
Australia), NaCl (suprapure, Merck), MgCl2∙6H2O (analytical grade,
Merck), NaOH (analytical grade, Merck), and HCl (0.1 N Titrisol
solution, Merck).
For the experiments exploring Na+,K+-ATPase activity, the en-
zyme was suspended in a buffer containing 120 mMNaCl, 30 mM KCl,
5 mM MgCl2, and 30 mM imidazole, pH 7.4. The ATP solution was
prepared in the same buffer.
2.2. Isothermal titration calorimetry
An iTC200 microcalorimeter fromMicroCal, LLC (Northampton,MA,
USA) was used for the measurement of the heat generated by enzyme
activity. Analysis of the data obtained was carried out using Origin 7.0
software (OriginLab, Northampton,MA, USA)with aMicroCal ITC data
analysis add-on.In all experiments ATP was titrated into the enzyme suspension
within the sample cell. All experiments were performed at 25 °C.
The reference cell was ﬁlled with the same buffer used for suspending
the enzyme and dissolving the ATP. The stirring speed used was
1000 rpm, and the reference power was set at 5 µcal/s. For multiple-
injection experiments to determine the kinetics of the enzyme a time
interval of 60 s was allowed between successive injections of ATP. In
the case of sequential single-injection experiments for the determi-
nation of the enthalpy change of ATP hydrolysis the time interval was
30 min in order to allow sufﬁcient time for all of the added ATP to be
hydrolyzed and for the heat signal to return to the baseline. The
volume of the iTC200 cell was 205.8 µl.
3. Results
3.1. Determination of ΔHapp
To determinate the apparent enthalpy change ΔHapp for the
hydrolysis of ATP to ADP by either the pig or shark enzyme, multiple
single injections of ATP (5 mM, 3 µl injections) into Na+,K+-ATPase
(100 nM)were performed (see Fig. 1). Immediately after the injection
there is an initial positive deﬂection of the power signal, which is due
to an endothermic heat of dilution. The negative signal following this
is the one actually associated with the Na+,K+-ATPase. The negative
direction of the heat pulses indicates an exothermic reaction, as
expected for ATP hydrolysis. After each pulse the system returned to
the baseline, indicating that no further ATP hydrolysis is occurring.
For any reaction the integral under each peak yields the enthalpy
change of the reaction. However, as just mentioned, in the experiment
shown in Fig. 1, the heat evolved by ATP hydrolysis is overlapped by a
smaller endothermic heat signal associated with the dilution of ATP
into buffer. In order to correct for this, a control experiment was
conducted where ATP was injected into buffer instead of into the
enzyme solution. This yielded a constant heat of dilution of +1.96
(±0.07) kJ mol−1. Subtracting the heat of dilution from the constant
integral of each pulse shown in Fig. 1 (−49 (±1) kJ mol−1) yields a
ﬁnal corrected ΔHapp of −51 (±1) kJ mol−1. Measurements
performed using shark Na+,K+-ATPase yielded an identical value
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the enthalpy change of ATP hydrolysis catalyzed by heavy meromy-
osin (the ATPase active fragment from trypsin-digested myosin), for
which a value of−59.4 (±0.9) kJ mol−1 at pH 7.2 and 25 °C has been
reported [15], and with the value determined for catalysis by the Na+,
K+-ATPase by Li et al. [5] of−40 (±2) kJ mol−1 at pH 7.4 and 37 °C.
The less negative value reported by Li et al. [5] could easily be
explained by the higher temperature they used for their experiments.
Most importantly for the mechanism of the enzyme, the constant
value of ΔHapp for each peak shown in Fig. 1 implies an irreversible
reaction (i.e., ATP hydrolysis goes to completion). Nevertheless, it
should be noted that even though the value of ΔHapp is constant, the
maximum deﬂection decreases with increasing injection number and
the overall return to baseline becomes signiﬁcantly slower. Both of
these observations can be explained by inhibition of the rate of ATPFig. 2. Multiple-injection titration of Na+,K+-ATPase-containing membrane fragments
from pig kidney with ATP. The sample cell contained an initial concentration of Na+,K+-
ATPase of 50 nM and an initial concentration of ADP of 1 mM. The concentration of ATP in
the injection syringe, the buffer solution composition, and the temperature were as
described in Fig. 1. The time interval between injections was 60 s, so that the enzymewas
still undergoing steady-state turnover at a constant rateupon thenext injection. Theupper
panel (A) shows the rawdata of the power, P, necessary tomaintain isothermal conditions
with respect to the reference cell. The lower panel shows the rate of the ATP hydrolysis
reaction, v (calculated from the raw data as described in Appendix A), versus the
cumulative ATP concentration in the sample cell (corrected for dilution and for ATP
consumption by the enzyme, as described in Appendix A). The points shown in (B) are the
result of a single titration, i.e., the noise has not been reduced via averaging of successive
titrations.hydrolysis by ADP. As ATP hydrolysis proceeds, more and more ADP
accumulates in the sample cell. Therefore, the concentration of ADP
initially present in the sample cell at the beginning of an injection
increases with the injection number. Inhibition of the forward rate of
ATP hydrolysis by ADP in the later injections can hence explain the
slower return to baseline. The accumulation of ADP in the cell does
not, however, appear to signiﬁcantly inﬂuence the ﬁnal position of the
equilibrium between ATP, ADP, and Pi, because this would cause a
change in the value of ΔHapp as the titration proceeds. Therefore, the
equilibrium appears to lie fully on the side of the products and any
effect of ADP on the backward reaction can be neglected. The smaller
height of each successive heat pulse is simply a further consequence of
the slower rate of the forward reaction, because in this way a broader
(i.e., slower) heat pulse can maintain the same integral, i.e., the same
ΔHapp.
Here the inhibition that was apparent as the injection number
increased was attributed totally to ADP. However, inorganic phos-
phate, Pi, is also a product of ATP hydrolysis, and in principle, this also
could cause an inhibition of the enzyme. In fact, inhibition of the
enzyme by Pi has been experimentally observed by Apell et al. [16],
who determined concentrations of half-inhibition for both ADP and Pi
of 0.1 mM and 14 mM. These values indicate, however, that ADP has a
much higher afﬁnity for the enzyme than Pi. Because in our study the
highest ATP concentration used (see Figs. 2 and 3) was 0.7 mM and
hence the highest Pi concentration that could be generated was also
0.7 mM, we have only considered inhibition by ADP.
Now that ΔHapp has been determined and product inhibition by
ADP has been identiﬁed, this information will be used in the following
section to determine the maximum rate of the enzyme, vmax, its
Michaelis constant, Km, and the inhibition constant of ADP, KI.
3.2. Determination of kinetic constants
In order to determine the kinetic constants (vmax, Km, and KI) for
the Na+,K+-ATPase, multiple-injection experiments of ATP into
enzyme were performed at different initial ADP concentrations inFig. 3. Dependence of the rate of ATP hydrolysis, v, by pig kidney Na+,K+-ATPase on the
cumulative ATP concentration (corrected for dilution and for ATP consumption by the
enzyme, as described in Appendix A) in the sample cell at different initial ADP
concentrations. The individual curves correspond to ADP concentrations of 0 mM (ﬁlled
circles), 0.1 mM (open circles), 0.5 mM (ﬁlled triangles), 1 mM (open triangles), 2 mM
(ﬁlled squares), 3 mM (open squares), 4 mM (ﬁlled inverted triangles), and 5 mM
(open inverted triangles). The initial Na+,K+-ATPase concentration in the sample cell
was 50 nM. All other experimental conditions were as described in Fig. 2. The dashed
lines represent ﬁts of a noncompetitive inhibition model described mathematically by
Eq. (B2) to the data. The values of the parameters obtainedwere: Km=0.58 (±0.02)mM,
KI=Kc=Ku=0.42 (±0.02)mM, and vmax=2250 (±150)nmol l−1 s−1. All of the data
points shown in each individual curve are the result of a single titration, i.e., the noise has
not been reduced via averaging of repeat titrations at the same ADP concentration.
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1 mM of ADP initially in the sample cell is shown in Fig. 2A. The
decrease in power supplied to the sample cell, P, as the titration
continues is due to increasing saturation of the enzyme by ATP (from
the injection syringe) until a minimum in power is reached when the
enzyme is saturated and the ATP hydrolysis rate has reached vmax for
the enzyme. The values of P have then been converted into rates, v, for
every ATP concentration by following the procedure described in
Appendix A. An example of this is shown in Fig. 2B, where one can see
the typical hyperbolic dependence of v on substrate concentration
expected for steady-state enzyme kinetics. Eq. (B2) (see Appendix B)
has been ﬁtted to the data.
To obtain an estimate of KI, the inhibition constant for ADP, the
same procedure was carried out for a range of different initial ADP
concentrations in the sample cell. The calculated rates as a function of
ATP for all ADP concentrations studied are shown in Fig. 3. All curves
show an increase in activity with increasing ATP concentration in the
ATP concentration range 0–0.1 mM. The measurements at 0, 0.1, 0.5,
1, and 2 mM ADP show a maximum in activity at a particular ATP
concentration, which increases with the ADP concentration. This is
followed by a drop in activity. The drop can be explained by the
increase in ADP production during the course of the experiment,
causing an increase in enzyme inhibition.
No reasonable ﬁts of the entire data shown in Fig. 3 could be
obtained using the competitive or uncompetitive inhibition type
models, whereas the noncompetitive model of ADP inhibition yields
reasonable ﬁts (see Fig. 3). This implies that ADP inhibition is due to
effects arising from ADP binding to free enzyme (E1 or E2 state) in
competition with ATP as well as binding to other intermediates in the
enzymatic cycle. In the noncompetitive model the dissociation con-
stants for inhibitor binding to the free enzyme and to other enzyme
intermediates are assumed to be constant, i.e., Kc=Ku (see Appendix B
for the deﬁnition of each). Therefore, we shall use the more general
expression KI for both. Nevertheless, mixed inhibition, i.e., ADP binding
to free enzyme and other intermediates with differing afﬁnities, is a
possibility that cannot be excluded. It is simply the case that mixed
inhibition involves so many ﬁt parameters that no reliable estimates of
separate values of Kc and Ku can be determined.
To obtain the values of the three ﬁtting parameters (vmax, Km,
and KI) a semi-global ﬁtting procedure was applied within Origin 7.0.
The value of vmax was allowed to vary between the individual sets of
data at each ADP concentration, because its value depends on the
exact enzyme concentration in the sample cell, which could vary
slightly from one experiment to the next. However, the values of Km
and KI were not allowed to vary between the individual curves at
different ADP concentrations, because the values of these parameters
must be independent of the enzyme concentration. Hence only a
single value of Km and a single value of KI were obtained from ﬁtting of
the noncompetitive model to the complete set of curves at all ADP
concentrations. Errors in the values of Km and KI were calculated by
the program itself, whereas average values of vmax and its standard
deviation were determined by averaging the individual vmax values
derived for each ADP concentration.
In the case of the pig Na+,K+-ATPase the best ﬁt yielded a
Michaelis constant of Km=0.58 (±0.02)mM and an inhibition con-
stant of KI=0.42 (±0.02)mM. The maximum rate, vmax, was found to
be 2250 (±150)nmol l−1 s−1. This value is much higher than the
rates measured experimentally (see Fig. 3) because of inhibition by
ADP, i.e., vmax represents themaximumachievable rate if no inhibition
by ADP were present. vmax is related to the turnover number of the
enzyme, kcat, and the concentration of active enzyme, [E], by the
simple expression: vmax = kcat[E]. Therefore, if one divides vmax by the
enzyme concentration in the sample cell (50 nM), this yields a
turnover number of 45 s−1. However, it is important to bear in mind
that the validity of this calculation relies on the protein being 100%
active, whereas in reality some denaturation may have occurredeither prior to or during the measurements. Therefore, 45 s−1 can
only be taken as a lower limit of the turnover number. Nevertheless,
the value does agree quite well with the turnover number calculated
previously via a different method for the same enzyme source of 48 s−1
at 24 °C [17].
For the shark rectal gland enzyme the values of the ﬁt parameters
determined were: vmax=3300 (±500)nmol l−1 s−1, Km=0.11
(±0.01)mM, and KI=0.09 (±0.01)mM. Dividing vmax by the enzyme
concentration, as in the case of the pig enzyme, yields a lower limit for
the turnover number of 33 s−1. This is somewhat lower than an actual
value determined for this enzyme source of 70 s−1 at 24 °C [17]. The
bigger difference between the two values in the case of shark enzyme
in comparison to pig could be an indication that more of the shark
enzyme is in a denatured or inactive state. This could well be the case,
because it is known that the pig enzyme has a greater thermal stability
than that of the shark [18].
The values of Km of 0.58 (±0.02) and 0.11 (±0.01)mM deter-
mined here for the pig and shark enzymes, respectively, are consistent
with values previously reported in the literature for enzyme from
different sources measured by other techniques [5,19,20], which are
generally around 0.5 mM. The KI values of 0.42 (±0.02) and 0.09
(±0.01)mM for ADP determined here for pig and shark enzymes,
respectively, also agree with the KI of 0.3 mM reported by Robinson
[20] and the half-maximal inhibition concentration of 0.1 mM
reported by Apell et al. [16].
4. Discussion
The good agreement found here between the kinetic parameters
determined via isothermal titration calorimetry and those previously
published gives one conﬁdence in using the technique as an assay
method of enzyme activity, e.g., in the screening of potential drugs or
inhibitors. The submillimolar range of the Km values found here is
consistent with a stimulation of enzyme activity by allosteric ATP
binding to a low afﬁnity site on the E2 conformation of the enzyme
[21]. In actual fact the enzyme also possesses a catalytic ATP binding
site on the E1 state with an afﬁnity in the submicromolar range. The
relatively simple steady-state kinetic model used here for the analysis
of the kinetic data (see Appendix B) does not allow for more than one
ATP binding reaction, nor for any cooperativity in substrate binding.
Therefore, if one wishes to obtain more detailed mechanistic infor-
mation on the Na+,K+-ATPase, pre-steady-state experiments on the
individual partial reactions would be necessary. Nevertheless, the
thermodynamic data obtained here on the enthalpy change of ATP
hydrolysis by the Na+,K+-ATPase, which can only be directly obtained
by calorimetric methods, does allow some interesting mechanistic
conclusions to be drawn.
The fact that the ΔHapp of ATP hydrolysis is independent of the
amount of ADP produced (see Fig. 1) indicates that inhibition of the
enzyme via reversal of the phosphorylation reaction is not occurring
to any signiﬁcant degree under the conditions of our experiments, i.e.,
the resynthesis of ATP from ADP and Pi can be neglected. It is known
that such a reaction can occur under some conditions [22]. In the case
of our experiments, however, the presence of K+ would be expected
to cause rapid dephosphorylation of the phosphoenzyme [23], driving
the whole cycle forward. Therefore, only forward reactions need to be
considered as sources of inhibition by ADP here. Analysis of the kinetic
data obtained (see Fig. 3) indicated that ADP is a “noncompetitive”
inhibitor of the Na+,K+-ATPase. Based on the deﬁnition of noncom-
petitive inhibition this does not mean that ADP is not competing with
ATP for sites on the enzyme; it simply means that the inhibition by
ADP cannot be explained by competition with ATP on a single state of
free enzyme alone. This is perfectly reasonable based on previous
data. ADP is known to be able to compete with ATP in binding to high
afﬁnity nucleotide binding sites on the E1 state [24], but it cannot
stimulate phosphorylation. ADP is also known to be capable of
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on the E2 state [25]. Both ATP and ADP binding to E2 accelerate the
E2-to-E1 transition, but if the acceleration by ADP is any less than that
caused by ATP, the effect of ADP on this transition would be evident as
an inhibition. A third state to which ADP could potentially bind is the
phosphorylated state E2P. Crystallographic studies [26,27] on the
related P-type ATPase, the sarcoplasmic reticulum Ca2+-ATPase, have
shown that the formation of a covalently bound phosphorylated
intermediate does not exclude nucleotide binding. Evidence for ATP
binding to the E2P state of the Na+,K+-ATPase has also been recently
reported [28]. Therefore, there is a high likelihood that ADP may
also bind to the E2P state and potentially inhibit the subsequent
dephosphorylation reaction.
Finally, we would like to discuss some aspects of Na+,K+-ATPase
thermodynamics. The enthalpy change accompanying ATP hydrolysis
catalyzed by the Na+,K+-ATPase was found here to be −51 (±1)kJ
mol−1. This value is virtually identical to the free energy change (ΔG)
of ATP hydrolysis, which has been estimated to be−52 kJ mol−1 [29].
This indicates that the entropy change (ΔS) accompanying ATP
hydrolysis is relatively minor and the proportion of energy released
by ATP hydrolysis that cannot be harnessed to do the work of ion
pumping (TΔS) is relatively small. However, it needs to be pointed out
that the fact that 51 kJ mol−1 was released by ATP hydrolysis as heat
in the experiments performed here does not mean that this same
amount of heat will be released under physiological conditions. The
experiments performed here were on Na+,K+-ATPase in open
membrane fragments. Because the membranes were open, no
electrochemical potential differences for Na+ or K+ could be created
across them. Thus, under our experimental conditions the enzyme
was doing no work of ion pumping. According to the ﬁrst law of
thermodynamics, energy can be transferred in only two ways, as heat
or work. Because no work is being done by the Na+,K+-ATPase in the
openmembrane fragments, the amount of the total free energy of ATP
hydrolysis released as heat is a maximum. However, in an intact cell,
electrochemical potential gradients for Na+ and K+ are produced, i.e.,
the enzyme is doing work, and hence the amount of energy released
as heat would be reduced. This is an important point when onewishes
to consider the role that the Na+,K+-ATPase plays in the maintenance
of body temperature.
The actual amount of energy released as heat in a living cell due to
Na+,K+-ATPase activity can be directly calculated from the Na+ and K+
concentrations on each side of the membrane, the electrical membrane
potential, Vm (deﬁned as ψin−ψout), and the free energy of ATP
hydrolysis. Based on a consideration of the electrochemical potential
gradients for both ions across the plasma membrane and the
stoichiometry of ion pumping, i.e., 3 Na+ ions pumped out and 2 K+
ions pumped in for the hydrolysis of each molecule of ATP, it can be
shown that the work of ion pumping is given by
w = RT 3 ln
c0Na
ciNa
−2 ln c
0
K
ciK
 !
−FVm ð1Þ
where cNa0 and cK0 are the extracellular concentrations of Na+ and K+
ions, cNai and cKi are the intracellular concentrations of Na+ and K+
ions, R is the gas constant, T is the absolute temperature, and F is
Faraday's constant. Typical values of the concentrations are cNa0 =
140 mM, cNai =15 mM, cK0=4 mM, and cKi =120 mM [30]. Under
normal resting conditions the passive K+ permeability of the plasma
membrane of virtually all animal cells is much greater than that of Na+.
Therefore, since K+ is close to electrochemical equilibrium in a resting
cell, a good estimate for Vm can be obtained from the K+ concentrations
alone via the Nernst equation. This yields a value of Vm=−91 mV.
Basedon thesevalues,w canbeestimated fromEq. (1) tobe44 kJmol−1
at normal body temperature of 37 °C. Comparing this valuewith the free
energy of ATPhydrolysis of−52 kJmol−1 given above indicates that theNa+,K+-ATPase is approximately 85% thermodynamically efﬁcient, i.e.,
85% of the available energy from ATP hydrolysis is used for ion
pumping. Subtracting the energy used for ion pumping from the total
free energy of ATP hydrolysis yields that approximately 8 kJ mol−1
should be released as heat by Na+,K+-ATPase activity in a cell. This
contrasts with the 51 kJ mol−1 measured here for membrane
fragments.
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Appendix A. ITC analysis of enzymatic activity
Todd and Gomez [31] have described two methods to obtain
kinetic constants for enzymatic reactions using ITC. These methods
are based on the proportionality between the rate of a reaction, v, and
the thermal power generated (dq/dt):
v =
dq
dt
⋅ 1
VΔHapp
ðA1Þ
where V is the volume of the sample cell and ΔHapp is the apparent
enthalpy change of the reaction. The ﬁrst method consists of a single
injection of substrate into the sample cell containing the enzyme and
subsequent monitoring of the measured heat as a function of time
until the baseline (dq/dt=0) is reached again. This method has the
advantage that the enthalpy change can be easily calculated by in-
tegration of the whole peak, thus making it possible to solve Eq. (A1)
above and obtain the enzymatic rate, v, and the associated substrate
concentration in the sample cell at any point in time, which together
allow a kinetic analysis via steady-state Michaelis–Menten theory or
an extension of it.
The second method consists of multiple small injections of
substrate. As long as the time interval between successive injections
is small enough to avoid complete conversion of substrate to product,
each additional injection increases the substrate concentration in the
sample cell, so that the rate of heat generation by the enzyme in-
creases after each injection until the enzyme is saturated by substrate
and the maximum reaction rate (vmax) is reached. As long as the
enzymatic reaction reaches steady-state conditions after each in-
jection, a constant difference in power, dqi/dt, between the value after
the injection and the baseline is reached. As the titration proceeds this
difference increases for successive injections (i.e., dq1/dtbdq2/dtb
dq3/dt, etc.) until the substrate concentration has reached saturating
levels and dqi/dt reaches a maximum value. The values of dqi/dt
associated with each concentration of substrate in the cell can then
be converted to enzymatic rates via Eq. (A1) and the data obtained
can again be analyzed via Michaelis–Menten steady-state kinetic
theory or an extension thereof.
Both methods have been shown [31] to produce the same kinetic
constants as other commonly usedmethods. As themultiple-injection
method has been reported to yield slightly more accurate kinetic
results [32], this method has been used in this study to determine the
values of dq/dt required for the analysis of the kinetics. The single-
injection method has been used to determine ΔHapp, because this
cannot be obtained by the multiple-injection method and it is re-
quired for the conversion from dq/dt to v for whichever method one
uses for the kinetics (see Eq. (A1)).
In the case of simple binding reactions (i.e., in the absence of any
catalytic conversion of substrate to product) the automated analysis
of the raw data by the MicroCal iTC200 Origin software calculates the
substrate concentration and total enzyme concentration at any time
1545R. Noske et al. / Biochimica et Biophysica Acta 1797 (2010) 1540–1545point by taking into account dilution as the titration proceeds. However,
in situations where a catalytic reaction is occurring, i.e., in this case ATP
hydrolysis, correction of the substrate concentration due to its con-
sumption during the course of the titration must be done manually.
As long as steady-state conditions are reached very quickly after
each injection (in the case of the Na+,K+-ATPase at saturating
substrate conditions this is achieved in b0.1 s at 24 °C [23]) the
turnover can be assumed to be constant for the complete time frame
of each injection. Based on this assumption the ATP concentration at
any point in time, [ATP]t, is related to the rate of the reaction, vt, by
ATP½ t = ATP½ t−1 + ΔATP−vtΔt ðA2Þ
where ΔATP is the change in ATP concentration due to dilution by
each injection and Δt is the time between successive injections (in the
case of the experiments reported here 60 s). The ADP concentration at
each point in time, [ADP]t, is calculated as follows:
ADP½ t = ∑
t
t=0
vtt + ½ADPadd ðA3Þ
where [ADP]add is the concentration of ADP initially added to the
sample cell (corrected for dilution as the titration proceeds).
Appendix B. Models of steady-state enzyme kinetics
Enzyme reaction kinetics are commonly described by the
Michaelis–Menten equation:
v =
vmaxS
Km + S
ðB1Þ
where v is the rate, vmax is the maximum rate when the enzyme is
saturated with substrate, S is the substrate concentration, and Km is the
Michaelis constant (which has units of concentration and is often used
as a measure of the apparent afﬁnity of the enzyme for the substrate).
The derivation of the Michaelis–Menten equation is critically
dependent on the steady-state assumption that the concentrations of
the free enzyme E and the enzyme–substrate complex ES are constant
(steady-state approximation). In addition, Eq. (B1) only accounts for
the binding equilibrium of the enzyme and the substrate that leads to
the ES complex, ignoring any possible binding of the product to the
enzyme or even the possibility of the backward reaction taking place.
Therefore, the equation is only applicable if the observed reaction is
irreversible and no inhibition occurs.
To account for any sort of inhibition the originalMichaelis–Menten
equation must be modiﬁed. The following modiﬁcation [33] accounts
for the possibilities of both competitive and uncompetitive modes of
inhibition:
v =
vmaxS
Km 1 + IKc
 
+ S 1 + IKu
  ðB2Þ
where I is the inhibitor concentration, Kc is the competitive inhibition
constant (i.e., the dissociation constant for inhibitor binding), and Ku
is the uncompetitive inhibition constant. Competitive inhibition is
deﬁned as the case where the inhibitor competes with the substrate
for the same binding site on the free enzyme [34]. Uncompetitive
inhibition refers to the situation where the inhibitor binds to the
enzyme–substrate complex. If competitive inhibition is observed, I/Ku
is negligible, and in uncompetitive inhibition I/Kc is negligible. If the
inhibitor binds to both the free enzyme and the enzyme–substrate
complex with equal afﬁnity, this situation is referred to as noncompet-
itive inhibition, and the values of Kc and Ku are equal. A ﬁnal possibility,
termedmixed inhibition, involves the inhibitor binding to both the free
enzyme and the enzyme–substrate complex, but with differentafﬁnities, i.e., the values of Kc and Ku are different. Although Eq. (B2)
accounts for all four possible types of inhibition, it still does not consider
the possibility of cooperativity in substrate or inhibitor binding.
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